The POT1-TPP1 heterodimer, the major telomere-specific singlestranded DNA-binding protein in mammalian cells, protects chromosome ends and contributes to the regulation of telomerase. The recent discovery of telomeric RNA raises the question of how POT1 faithfully binds telomeric ssDNA and avoids illicit RNA binding that could result in its depletion from telomeres. Here we show through binding studies that a single deoxythymidine in a telomeric repeat dictates the DNA versus RNA discrimination by human POT1 and mouse POT1A. We solve the crystal structure of hPOT1 bound to DNA with a ribouridine in lieu of the critical deoxythymidine and show that this substitution results in burying the 2 0 -hydroxyl group in a hydrophobic region (Phe62) of POT1 in addition to eliminating favorable hydrogen-bonding interactions at the POT1-nucleic acid interface. At amino acid 62, Phe discriminates against RNA binding and Tyr allows RNA binding. We further show that TPP1 greatly augments POT1's discrimination against RNA.
The POT1-TPP1 heterodimer, the major telomere-specific singlestranded DNA-binding protein in mammalian cells, protects chromosome ends and contributes to the regulation of telomerase. The recent discovery of telomeric RNA raises the question of how POT1 faithfully binds telomeric ssDNA and avoids illicit RNA binding that could result in its depletion from telomeres. Here we show through binding studies that a single deoxythymidine in a telomeric repeat dictates the DNA versus RNA discrimination by human POT1 and mouse POT1A. We solve the crystal structure of hPOT1 bound to DNA with a ribouridine in lieu of the critical deoxythymidine and show that this substitution results in burying the 2 0 -hydroxyl group in a hydrophobic region (Phe62) of POT1 in addition to eliminating favorable hydrogen-bonding interactions at the POT1-nucleic acid interface. At amino acid 62, Phe discriminates against RNA binding and Tyr allows RNA binding. We further show that TPP1 greatly augments POT1's discrimination against RNA.
crystal structure | DNA-protein interaction | POT1-TPP1 | telomere T elomeres are protein-DNA complexes that comprise the termini of linear chromosomes and help maintain the integrity of eukaryotic genomes (1) . Telomeric DNA typically consists of a large number of short repeats of dsDNA ending with a singlestranded (ss) G-rich 3 0 overhang (2-4). Specialized telomeric proteins bind to the ds and ss regions of telomeric DNA to prevent inappropriate degradation and fusion events at chromosome ends (5) . One such protein, protection of telomeres 1 (POT1), binds specifically to the ss G-rich 3 0 tail of chromosomes (6) (7) (8) (9) (10) (11) . Human POT1 (hPOT1) and hPOT1V2 (a splice variant of hPOT1 composed of its DNA-binding domain, used extensively to characterize POT1 structurally and biochemically) bind telomeric DNA with high affinity (K D ∼ 10 nM) and base specificity (10) . POT1 is conserved among all mammals and has functional homologs in other species such as Oxytricha nova (12) , Tetrahymena thermophila (13) , and Schizosaccharomyces pombe (6, 14) . A sequence-related protein in the plant Arabidopsis thaliana associates with the telomerase ribonucleoprotein rather than the telomeric DNA (15) (16) (17) .
TPP1, another telomeric protein, binds POT1 and is critical for POT1 recruitment to telomeres (18) (19) (20) (21) . Although human TPP1 (hTPP1) does not bind telomeric DNA directly, it increases the affinity of hPOT1 for telomeric ssDNA (21) . Additionally, the hPOT1-hTPP1 complex increases the processivity of telomerase, the unique reverse transcriptase that maintains telomere length by catalyzing the synthesis of telomeric DNA at 3 0 ends of chromosomes (21) . hTPP1-N, an N-terminal fragment of hTPP1 that includes an Oligonucleotide/oligosaccharide binding (OB) domain and the POT1-binding domain, fully recapitulates hTPP1's POT1-ssDNA-binding-stimulation and telomerase processivityenhancement functions (21) .
TERRA is noncoding RNA-containing multiple G-rich telomeric repeats transcribed from chromosome ends (22) (23) (24) . TERRA is found in mammals and budding yeast and implicated in the regulation of telomerase and in chromatin remodeling. TERRA in humans is 100 bases to 9 kilobases long (22, 24) . In contrast, the 3 0 ss G tails on the ends of human chromosomes are only 130-275 nucleotides long (2, 4). The pre-mRNA 3 0 splice sites consensus sequence ðPyÞnNPyAG∕G (Py ¼ pyrimidine, n is an integer >1, and "∕" indicates the splice site) is essentially satisfied by the telomeric repeat sequence GTTAGG. Because 3 0 splice sites are present on most pre-RNAs, their concentration in the nucleus is expected to exceed that of 3 0 ss G-rich DNA tails.
In addition to TERRA, the number of RNA r(UUAGGGU UNG) sequences that match the POT1-binding site expected to occur randomly in the nucleus of a mammalian cell is ∼1; 300-20; 000 (25) , which is greater than or equal to the number of d (TTAGGGTTAG) binding sites of hPOT1 (∼1; 500) in a human cell (2, 4) (calculation in Supporting Information). Despite these potential RNA-binding alternatives, POT1 faithfully and strongly binds telomeric DNA showing no apparent affinity for any of these RNAs (6, 14, 23, 26) . We wondered how mammalian POT1 displays such robust intolerance to RNA. Here, through binding experiments with mixed DNA-RNA oligonucleotides and a highresolution crystal structure, we show that a single ribouridine in lieu of a deoxythymidine at the fourth position (rU4 instead of dT4) of a telomeric repeat sequence d(GGTTAGGGTTAG) is the primary determinant of RNA discrimination by hPOT1. We further show that POT1-TPP1 displays remarkably greater intolerance towards RNA than POT1 alone, uncovering a previously undescribed function for the TPP1 protein.
Results dT4 Dictates POT1 Specificity for DNA. We observed that mouse POT1A, the essential POT1 paralog in mice (7), serves as an excellent source of recombinant mammalian POT1, because it can be obtained readily from overexpression in bacteria (unlike hPOT1, which is isolated after expression in baculovirus-infected insect cells). To examine the effects of ribonucleotide substitution within the telomeric sequence on mammalian POT1 binding, we carried out a parallel binding analysis of hPOT1 and mPOT1A with oligonucleotides that contain two telomeric repeats terminating in TAG-3 0 , which is optimal for mPOT1A and hPOT1 binding (27, 28) .
Like hPOT1 (6), mPOT1A failed to bind an all-RNA telomeric dodecamer R12 under conditions in which it formed a stable complex with D12 ( Fig. 1A ; oligonucleotide sequences in Table 1 ). To probe whether the DNA versus RNA specificity of POT1 is derived from determinants found throughout the ssDNA or from certain "hot spots" in the dodecameric sequence, we measured the affinity of hPOT1 and mPOT1A for variants of D12 that have stretches of three consecutive ribonucleotides in the telomeric sequence. Both hPOT1 and mPOT1A formed a discrete complex with 1-3R, 7-9R, and 10-12R but not with 4-6R (Fig. 1A and B) . To evaluate whether the decreased binding seen with 4-6R arose from the presence of one particular ribonucleotide, we tested D12 variants with a single ribonucleotide at either the fourth (4R), fifth (5R), or sixth (6R) position from the 5 0 end. Fig. 1A and B show that with hPOT1 and mPOT1A, 5R and 6R had binding profiles similar to that shown by D12. In contrast, the POT1-4R complex dissociated during gel electrophoresis much like POT1-4-6R. Hence, a single ribonucleotide (rU instead of dT) at position 4 interferes with POT1 binding.
Quantitation of the Deleterious Effects of Ribonucleotide Substitution
on POT1-ssDNA Binding. Using a filter-binding assay, we determined the K D of hPOT1-D12 to be 6.3 AE 3.5 nM and that for mPOT1A-D12 to be 0.9 AE 0.3 nM, values that agree well with previous reports (10, 28) . To quantify the defect in binding for a particular dodecamer, we calculated the ratio of the K D for the complex formed by that dodecamer to the K D for the analogous complex formed by D12 (designated as "fold increase of K D " in Table 1 ). Consistent with our gel-shift analysis ( Fig. 1A and B), 10-12R did not show a binding defect when compared to D12 (Fig. 1C and Table 1 ). hPOT1-1-3R and hPOT1-7-9R had 2-fold and 5-fold increases of K D , respectively. In agreement with the gel-shift analysis, the most significant binding defect was seen in the case of 4-6R (Table 1) . With hPOT1, 4-6R binding was decreased by 15-fold. The deleterious effect of ribonucleotide substitutions in positions 4-6 was further magnified in the case of mPOT1A, where 47-fold reduced binding was observed.
Single ribonucleotide substitutions in the context of D12 at positions 4, 5, and 6 (4R, 5R, and 6R) were assessed to quantify the contributions of each of these positions to DNA specificity. Again, in agreement with the binding data shown in Fig. 1A and B, the greatest defect in binding is seen for 4R (4-fold for hPOT1 and 22-fold for mPOT1A; Table 1 ). Because rU differs from dT Table 1 . (C) Filter-binding experiments of mPOT1A with 32 P-labeled ssDNA-RNA of the indicated sequence (ribonucleotides are depicted in red) were done in duplicate, and the mean of the fraction of mPOT1A-bound ssDNA-RNA was plotted against mPOT1A concentration. Error bars represent the standard deviation of the two measurements. Table 1 . K D 's for hPOT1, hPOT1-hTPP1-N, mPOT1A, and mPOT1A-mTPP1-N with DNA-RNA mixed dodecameric oligonucleotides by having a 2 0 -OH and by lacking a 5-methyl group on the base, we tested oligonucleotides containing an rT and a dU at position 4. Compared to D12, both 4rT and 4dU showed modest binding defects with mPOT1A (4rT showing a 3-fold defect and 4dU showing a 2-fold defect). With hPOT1, no significant binding defect was observed with 4rTor 4dU. We conclude that the effects of the 5-methyl and 2 0 -H groups on dT4 are not additive in terms of binding energy (or not multiplicative in terms of K D ) but rather synergistic in giving rise to DNA specificity for POT1.
hPOT1 binds the all-RNA oligonucleotide R12 with K D ∼ 1; 200 nM, whereas it binds D12 with K D ¼ 6.3 nM. Given that dT4 makes the largest single contribution to DNA specificity for hPOT1, we asked whether introducing dT4 in the context of R12 (4D, Table 1 ) could rescue POT1 binding. Indeed, 4D bound POT1 with 4 times greater affinity than R12 (K D ∼ 300 nM). It seemed possible that reinforcing the DNA-like 2 0 -endo sugar pucker of dT4 in 4D by introducing an adjacent deoxyribonucleotide could lead to further POT1-binding recovery. This was the case, because hPOT1 bound 4-5D (Table 1 ) with a K D of ∼110 nM. However, binding remained ∼17-fold weaker than that of hPOT1-D12, providing additional evidence that the difference between RNA and DNA binding is not completely localized to a single position. 10). To ask whether the presence of the additional G nucleotides alters the POT1-ssDNA interface, we crystallized hPOT1V2 in complex with D12 and solved the structure at 1.8 Å (See Supporting Table 1 and Material and Methods). Structural comparison showed that the protein backbone and side chains of 1XJV and hPOT1V2-D12 (rmsd ¼ 0.2 Å over 291 C α atoms) superimpose well, as do the 10 nucleotides common to the two structures (Fig. S1A) . The eleventh nucleotide (dG2) in our hPOT1V2-D12 structure stacks against dT3 and makes no other contacts to the DNA or protein (Fig. S1B) . No electron density was observed for the twelfth nucleotide, dG1. We conclude that D12 and d(TTAGGGTTAG) have similar modes of binding to POT1, and hence ribonucleotide substitutions at the 10 conserved positions of D12 and d(TTAGG GTTAG) are expected to have similar effects on POT1 binding. Indeed, hPOT1 binds d(TTAGGGTTAG) with 10-fold greater affinity than it binds dTrUd(AGGGTTAG) (Fig. S2) .
To analyze the structural basis for the binding defect seen in oligonucleotides containing the 4rU substitution, we crystallized the hPOT1V2-dTrUd(AGGGTTAG) complex and solved the structure at 1.8 Å resolution (Supporting Table 1 ). The final refined model had an R crystal ∕R free ¼ 0.228∕0.238. A 2F o − F c map ( Fig. 2A) and a simulated annealing composite omit map (Fig. S3A ) generated using the CNS program (29) unambiguously confirmed the position of the O2 0 of rU4 ( Fig. 2A ). There were no significant changes to the protein backbone (rmsd ¼ 0.2 Å over 289 C α atoms), although subtle changes to the nucleic acid backbone were observed when compared to 1XJV (Fig. 2D, E, and F) . The potential role of nucleic acid backbone geometry in RNA discrimination by POT1 and by POT1-TPP1 is detailed in Discussion.
The O2 0 of rU4 in the hPOT1V2-dTrUd(AGGGTTAG) structure (Fig. 2B ) is located at a distance of 3.3 Å from the ε-C of the aromatic side chain of Phe62, which is involved in a π-sandwich with the bases of rU4 and dT3. We suggest that positioning of the 
O2
0 in close proximity to Phe62, which is part of a hydrophobic patch of hPOT1 (Fig. 3A) , precludes solvation of the 2 0 OH group. The conformation adopted by the rU4 ribose sugar, which is very different from that of the dT4 sugar, perturbs the conformation of the phosphate backbone link to dT3 (compare Fig. 2B and C, and see superposition in Fig. 2D ). This perturbation results in the rearrangement of the base of dT3 in the rU4-containing complex, such that the hydrogen bond between N3 of dT3 and the γ-O of Thr41 (seen in 1XJV) is lost and the Thr41 side chain adopts an alternative rotameric conformation. Additionally, a possible hydrogen-bonding interaction between the carboxylate of Asp42 and the O4 of dT3 in 1XJV (requiring protonation of either the δ-O of Asp42 or the O4 of dT3) is no longer observed in the rU4-containing complex. In addition to the lost direct protein-nucleic acid interactions, two water-mediated interactions that are present in 1XJV are absent in the hPOT1V2-dTrUd(AGGGTTAG) structure ( Fig. S3B and C) .
With the exception of Thr41, no significant differences in the protein side-chain conformations between 1XJV and the rU4-containing structure are seen at the protein-nucleic acid interface. Superposition of the nucleotides from the two structures shows that all bases involved in base stacking (rU/dT4, dG6, dG7, dT9, dG12) with aromatic POT1 side chains overlay precisely on each other with the exception of rU4/dT4 (Fig. 2D , E, and F). For nucleotides not involved in base stacking directly with aromatic amino acids, the superposition is less perfect.
To gain insight as to why POT1 is specifically sensitive to RNA substitution at position 4 and not at other positions in the sequence, we inspected the vicinity of the C2 0 (the atom that bears the 2 0 OH of RNA) for each nucleotide in the hPOT1V2-dTrUd (AGGGTTAG) structure (Fig. 3) . Four nucleotides (rU4, dG6, dT9, and dG12) involved in base stacking with POT1 have their C2 0 atoms within 4.5 Å of their cognate aromatic protein side chains (Fig. 2D, E, and F) . We observe that three of these (dG6, dT9, and dG12), which have their bases stacking against tyrosine side chains of POT1 (Fig. 2D, E, and F) , are in predominantly hydrophilic environments (Fig. 3B, C, and D) . The fourth, rU4 that stacks against Phe62, is in a hydrophobic environment (Fig. 3A) , as discussed above. It is possible that ribonucleotide substitutions at positions dG6, dT9, and dG12 of a telomeric oligonucleotide do not adversely affect hPOT1 binding because the polar O2 0 (covalently bonded to C2 0 ) is well accommodated in the hydrophilic environment provided by hPOT1 (Fig. 3B, C, and D) . In contrast, the dT4 to rU4 change that introduces an O2 0 and removes a 5-methyl group (both changes reduce hydrophobicity) places rU4 in a predominantly hydrophobic environment (Fig. 3A) , possibly contributing to the energetic destabilization reflected in the binding defect of hPOT1 with 4R and 4-6R ( Fig. 1 and Table 1) .
We hypothesized that, in the context of the POT1 structure, the hydrophobic environment created by phenylalanine discriminates against ribonucleotide binding, whereas the more hydrophilic environment created by tyrosine allows ribonucleotide binding. To test this hypothesis, we expressed and purified mPOT1A-F62Y, mPOT1A-Y89F, mPOT1A-Y161F, and mPOT1A-Y223F mutants and compared their binding affinities for ribonucleotidecontaining oligonucleotides versus D12 (Fig. 3E-H) . Interestingly, the F62Y mutant showed only a 2-fold binding defect with 4-6R compared to the 47-fold defect seen with wild-type protein ( Fig. 3E and Table 1 ). In further support of our hypothesis, Y89Fand Y161F showed modest increases in binding defects with 4-6R (70-fold versus 47-fold for wild-type; Fig. 3F ) and 7-9R, respectively (7-fold versus 3-fold for wild-type; Fig. 3G and Table 1 ). Although Y223F behaved like a wild-type protein, showing no binding defect with 10-12R (Fig. 3H) , it is possible that further increase in hydrophobicity around Tyr223 is required to observe an increase in RNA discrimination.
TPP1 Binding Greatly Enhances Discrimination against RNA by POT1.
TPP1 is the in vivo protein-binding partner of POT1. In vitro binding experiments have shown that, although TPP1 by itself does not bind ssDNA, the POT1-TPP1 complex exhibits an ∼10-fold greater affinity for telomeric DNA than POT1 alone (21) . We performed filter-binding experiments of hPOT1 and mPO-T1A with the various dodecamers listed in Table 1 in the presence of hTPP1-N (21) and mTPP1-N, respectively (see Materials and Methods). As expected, the addition of TPP1-N increases the affinity of POT1 for D12 (compare K D for D12 with hPOT1 and with hPOT1 þ TPP1-N in Table 1 and similarly for D12 with mPOT1A and with mPOT1A þ mTPP1-N; also see Fig. 4A) . Surprisingly, substitution with a single ribonucleotide (rU4) alters the TPP1 dependence profile entirely. The binding curves for mPOT1A-4R in the presence and absence of mTPP1-N are virtually superimposable as are the curves for the corresponding human proteins (Fig. 4B and C) . Hence, a single ribonucleotide in lieu of a deoxyribonucleotide at the fourth position of the telomeric ssDNA dodecamer abrogates the ability of TPP1 to increase the affinity of POT1 for this oligonucleotide.
The lack of stimulation of hPOT1-4R binding in the presence of TPP1 might arise from prevention of POT1-TPP1-N complex formation by the rU4 substitution. To ascertain whether TPP1-N forms a complex with POT1-4R, we carried out an EMSA of hPOT1-D12 0 and hPOT1-4R 0 . D12 0 and 4R 0 differ from D12 and 4R by the presence of 8 dTs at their 5 0 ends, which enhances the electrophoretic separation of the POT1-only and POT1-TPP1 complexes. Fig. 4D shows that addition of hTPP1-N to POT1-D12 0 and POT1-4R 0 led to the formation of stable ternary complexes, as evidenced by the appearance of a slower migrating band. Thus, TPP1-N remains bound to POT1 in the presence of the rU4 substitution but has lost its capacity to stabilize POT1 binding to the 4R oligonucleotide. Interestingly, hTPP1 shows no stimulation of POT1-oligonucleotide binding with 4D or 4-5D (Table 1) . Put together, these data indicate that, although a dT at position 4 is important for high affinity of POT1-oligonucleotide binding, it is not sufficient to explain the mechanism by which TPP1 further enhances this affinity. We next probed the effect of ribonucleotide substitutions at other positions on the stimulation of POT1-ssDNA binding by TPP1-N. We computed the ratio of the K D of POT1-ssDNA-RNA complexes in the absence and presence of TPP1-N [see "stimulation of binding by hTPP1-N" (or mTPP1-N) in Table 1 ]. For D12, this ratio is 63 with hPOT1 and 23 with mPOT1A. Upon inspection of Table 1 , it becomes immediately evident that stimulation of oligonucleotide binding by POT1 in the presence of TPP1-N is weaker for all ribonucleotide-substituted oligonucleotides, although maximal interference is seen in cases where there is a 4dT to 4rU change (4-6R and 4R in Table 1 ). Hence, the stimulation of POT1-ssDNA binding by TPP1-N is extremely sensitive to the presence of ribonucleotides throughout the telomeric sequence.
What is the consequence of the lack of stimulation of POT1-oligonucleotide binding by TPP1-N on RNA discrimination?
Inspection of the "fold increase of K D " columns in Table 1 reveals that discrimination against a particular RNA-containing oligonucleotide by hPOT1 (and mPOT1A) is significantly larger in the presence of hTPP1-N (and mTPP1-N) than in its absence. Most notably, hPOT1-4R shows only a 4-fold increase of K D due to ribo-substitution, whereas hPOT1-TPP1-N-4R shows an increase in K D of 119-fold. These data imply that the discrimination against RNA of telomeric sequence is much greater for POT1 when it is bound to TPP1 and that the mechanism of RNA discrimination contributed by TPP1 binding is distinct from that exhibited by POT1 alone.
Discussion
Here we have shown through qualitative and quantitative POT1-ssDNA-RNA-binding experiments that a single thymidine (dT4) in the telomeric repeat contributes the most to hPOT1's specificity for DNA. A previous study of RNA binding by S. pombe POT1 revealed that the same dT4 residue as well as the preceding dT3 in the pombe telomeric sequence GGTTAC were most responsible for the specificity for DNA over RNA (14) . Although the absense of a 5-methyl is responsible for reduced binding of rU4-containing oligonucleotides to S. pombe POT1, we find here that both the 2 0 OH and the lack of a 5-methyl group on rU4 interfere synergistically with mammalian POT1 binding. The protein used in the previous study consisted of only the first OB fold of S. pombe POT1, and its nucleic acid binding characteristics differ from that of the entire two-OB-fold DNA-binding domain (30, 31) . However, we note that the TTA trinucleotide, which is common to the two telomeric sequences, is bound very similarly by hPOT1 and the first OB fold of S. pombe POT1, with the same kind of dT-dT-Phe-stacking interactions and similar amino acid side chains involved in hydrogen bonding, so it seems likely that this part of the S. pombe POT1-OB-nucleic acid interaction is correct. We conclude that the basis for POT1 discrimination against RNA binding may be substantially conserved between fission yeast and mammals.
We solved the structure of POT1 in complex with an oligonucleotide with the rU4 substitution to provide a physical picture of the deleterious effect of this substitution on POT1 binding. The structure shows that the presence of rU4 causes a change in the DNA conformation such that two hydrogen-bonding interactions of dT3 with POT1 are lost. In addition, the position of rU4 in the structure renders its polar O2 0 in close proximity to the hydrophobic region around Phe62 (Fig. 3A) . It therefore seems possible that burying the 2 0 OH in a hydrophobic environment in the rU4-containing complex leads to desolvation of this functional group, resulting in energy destabilization (32) . Intriguingly, the only nucleotide where the C2 0 (and O2 0 ) is in a strictly hydrophobic environment is rU4 (Fig. 3A) . To test the idea that, in the context of POT1, having a more hydrophobic Phe near a 2 0 OH is less favorable than having a more hydrophilic Tyr, we probed the effects of F62Y, Y89F, Y161F, and Y223F mutations on mPOT1A binding to ribonucleotide-substituted oligonucleotides. mPOT1A-F62Y showed merely a 2-fold binding defect with 4-6R as opposed to the 47-fold defect shown by the wild type. Y89F and Y161F showed modest increases in binding defects for 4-6R and 7-9R, respectively, also consistent with the hypothesis that Phe stacking discriminates against RNA binding and Tyr stacking permits RNA binding. The Phe-Tyr switch dictating DNA versus RNA specificity seen here has also been noted in T7 RNA polymerase, where the Y639F mutant relaxes RNA specificity by allowing incorporation of dNTPs (33) . Another intriguing result that emerged from our binding analysis is the fact that TPP1 binding greatly increases the DNA versus RNA discrimination of POT1. In the presence of TPP1-N, the sensitivity of POT1-ssDNA binding to any ribonucleotide substitution in the binding sequence is greatly increased, suggesting that TPP1 provides a layer of RNA discrimination above that presented by POT1 alone. Although the structure of the POT1-TPP1 complex has not been solved, there is a high-resolution crystal structure of ssDNA bound to the structurally analogous O. nova TEBPα-β dimer (PDB: 1OTC) (12) . In this structure, the α and β subunits form a groove that engulfs the ssDNA. If POT1-TPP1 sandwiches ssDNA in an analogous manner, the altered conformation of the sugar-phosphate backbone caused by ribo-substitution (Fig. 2D , E, and F) may result in the loss of shape complementarity between the nucleic acid-POT1 surface and TPP1. Alternatively, the 2 0 OH groups might directly perturb the TPP1-nucleic acid interface.
Finally, the issue of ssDNA versus RNA discrimination also occurs with single-stranded DNA binding protein (SSB) and replication protein A (RPA), proteins that bind single-stranded DNA at replication forks and strongly discriminate against ssRNA (34, 35) . It will be interesting to investigate how these proteins execute RNA discrimination.
Materials and Methods
Protein Expression and Purification. hPOT1, hPOT1V2, hTPP1-N (aa 91-334), mPOT1A (wild-type and mutants), and mTPP1-N (aa 1-246) proteins were expressed in bacteria and purified as detailed in SI Materials and Methods.
Electrophoretic Mobility Shift Assays. Binding mixtures (10 μL) containing specified concentrations of 5′ 32 P-labeled oligonucleotides and POT1/TPP1 proteins were incubated at 4°C and were then analyzed by electrophoresis through a nondenaturing 4-20% gradient polyacrylamide gel (Invitrogen). Further details are provided in SI Materials and Methods.
Filter-Binding Assays for K D Determination. Filter-binding experiments were performed in a 96-well dot blot apparatus. The protein-DNA mixtures were incubated on ice and were then filtered through a precooled (at 4°C) membrane sandwich containing a nitrocellulose membrane (BA85, Whatman), a positively charged nylon membrane (Hybond N þ , GE), and a filter paper (Whatman). The membranes were air-dried and quantified by using a PhosphorImager. Further details are provided in SI Materials and Methods.
Structure Determination of hPOT1V2-dTrUd(AGGGTTAG) and hPOT1V2-D12. X-ray crystallography methods and solution of structures by molecular replacement using PDB:1XJV as a starting model were performed as detailed in SI Materials and Methods.
